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Homeotic and sex-determining genes control a wide range of morphological traits by regulating the expression of different target genes in
different tissues. The identity of most of these target genes remains unknown, and it is not even clear what fraction of the genome is regulated in a
segment- and sex-specific manner. In this report, we examine segment- and sex-specific gene expression in Drosophila pupal legs. The first and
second legs in Drosophila have clearly distinguishable bristle patterns. Bristle pattern in the first leg also differs between males and females,
whereas the second leg has no overt sexual dimorphism. To identify the genes responsible for these differences, we compared transcriptional
profiles between male and female first and second legs during early pupal development. The extent of sexually dimorphic gene expression
parallels morphological differences: over 100 genes are expressed sex specifically in the first leg, whereas no sexual differences are seen in the
second leg. Segmental differences are less extensive than sexual dimorphism and involve fewer than 14 genes. We have identified a novel gene,
CG13857, that is expressed exclusively in the first leg in a pattern that suggests this gene may play an important role in specifying segment- and
sex-specific bristle patterns.
D 2005 Elsevier Inc. All rights reserved.Keywords: Drosophila; Sex determination; Sexual dimorphism; Hox genes; Expression profiling; MicroarrayIntroduction
The study of segment- and sex-specific morphological
characters in Drosophila has laid one of the foundations of
modern developmental genetics. Even before their molecular
nature was understood, analysis of homeotic and sex-trans-
forming mutations has led to the realization that not all genes
are created equal. A few (‘‘selector genes’’ or ‘‘regulatory
genes’’) specify the identity of body regions, tissues, and
organs by directing cells into alternative differentiation path-
ways, while a much larger number (‘‘realizators’’ or ‘‘cyto-
differentiation genes’’) implement these instructions by carry-
ing out specific cellular processes (Baker and Ridge, 1980;
Garcia-Bellido, 1975; Goldschmidt, 1952; Lewis, 1963, 1978;
Morata, 1975; Stern, 1954). With the molecular analysis of
homeotic and sex determination genes themselves largely
completed (Baker et al., 1989; Duncan, 1987; Scott et al.,
1983), the focus has shifted to the identification of their long-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.09.052
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E-mail address: akopp@ucdavis.edu (A. Kopp).hypothesized target genes. From the beginning, this research
took two distinct paths. The first, a ‘‘bottom-up’’ approach, was
to focus on the analysis of candidate genes expressed in
segmentally restricted structures. This work has been eminently
successful and has led, among others, to the identification of
the target genes of Abdominal-B in the posterior spiracles
(Castelli-Gair, 1996; Hu and Castelli-Gair, 1999; Jones and
McGinnis, 1993; Merabet et al., 2005), the targets of Sex
combs reduced (Scr) in the salivary gland (Haberman et al.,
2003; Henderson and Andrew, 2000; Henderson et al., 1999;
Myat et al., 2000; Zhou et al., 2001), the targets of
Ultrabithorax (Ubx) in the haltere (Galant et al., 2002; Hersh
and Carroll, 2005; Weatherbee et al., 1998), and the targets of
Ubx and abdominal-A in the visceral mesoderm (Azpiazu et
al., 1996; Bienz, 1994; Capovilla et al., 1994; Manak et al.,
1994). In some cases, the direct transcriptional interactions and
the cis-regulatory elements bound by the HOX proteins have
also been identified (Capovilla et al., 1994, 2001; Ebner et al.,
2005; Galant et al., 2002; Hersh and Carroll, 2005; Marty et al.,
2001; Ryoo et al., 1999). Similarly, the female-specific yolk
proteins have been shown to be directly regulated by the88 (2005) 528 – 544
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determination in most somatic tissues (An and Wensink,
1995; Belote et al., 1985; Burtis et al., 1991; Erdman et al.,
1996). As our knowledge of development grew, it became clear
that the homeotic and sex-determining genes sit on top of
complex, multi-layered regulatory hierarchies, and that many
of their targets are themselves regulatory genes that in turn
control the expression of other targets (Christiansen et al.,
2002; Graba et al., 1997; Hombria and Lovegrove, 2003; Mann
and Carroll, 2002).
The second, ‘‘top-down’’ strategy aimed for a systematic,
unbiased identification of homeotic gene targets using immu-
nopurification and cytological techniques (Gould and White,
1992; Graba et al., 1992; Heuer et al., 1995; Marchetti et al.,
2003; White et al., 1992). The main advantage of this approach
is that it does not depend on any a priori assumptions about the
expression patterns or developmental functions of the target
genes. Indeed, this work has resulted in the finding of several
structural molecules, such as connectin and centrosomin
(Gould and White, 1992; Heuer et al., 1995), that were not
identified by developmental-genetic approaches. On the whole,
however, biochemical experiments have proven to be a fairly
blunt instrument and have remained less popular and less
productive than gene-by-gene expression analysis.
The advent of microarray technology resurrected the hope
for a systematic, genome-wide identification of regulatory gene
targets. The microarray approach relies on quantitative compar-
isons of transcript abundance in different RNA samples, which
may represent different tissues, sexes, or genotypes. Putative
targets of regulatory genes are identified based solely on their
expression profiles, irrespective of their biochemical or
developmental functions. One of the first applications of
microarrays in Drosophila was to examine the extent of sexual
dimorphism in gene expression (Arbeitman et al., 2002; Jin et
al., 2001; Parisi et al., 2003; Ranz et al., 2003). These initial
studies appeared to suggest that as much as 30–50% of the
Drosophila genome is differentially expressed between males
and females (Arbeitman et al., 2002; Gibson et al., 2004; Ranz
et al., 2003; Rifkin et al., 2003). However, more detailed
experiments have shown that most of the sexually dimorphic
gene expression occurs in the germline. Gonad-ectomized
adults, or adults in which germline cells have been genetically
ablated, show much lower levels of sex-differentiated gene
expression—on the order of 1.5–3% of the genome (Arbeitman
et al., 2004; Oliver and Parisi, 2004; Parisi et al., 2004). Among
somatically expressed genes, the most obvious targets of the sex
determination pathway identified by microarray experiments
are expressed in the internal genitalia (Arbeitman et al., 2004).
However, sexual dimorphism is not restricted to the genitalia;
other morphological traits, such as pigmentation and bristle
patterns, are conspicuously dimorphic in Drosophila melano-
gaster, and their sex-specific differentiation is controlled by dsx
in a cell-autonomous fashion (Baker and Ridge, 1980; Hildreth,
1965; Li and Baker, 1998). This suggests that many of the
somatic target genes of dsx remain to be identified. Similarly,
the extent of intersegmental morphological differences in
Drosophila leaves no doubt that the HOX genes have manymore direct and indirect transcriptional targets that have been
identified to date. In fact, it is not even clear what fraction of the
Drosophila genome is regulated in a segment-specific manner.
In this report, we use microarray hybridization to estimate
the extent of sex- and segment-specific gene expression in
Drosophila. Expecting that many genes are expressed in tissue-
as well as sex-specific patterns, we decided to focus on a single
tissue—the pupal leg. The legs of D. melanogaster show clear
sex- and segment-specific morphological differentiation (Han-
nah-Alavah, 1958). The second (T2) leg does not express any
HOX genes in the epidermal layer during late larval and early
pupal development, and thus may be thought to possess the
default morphology. The tibia and tarsal segments of the T2 leg
are covered by sparse rows of bristles oriented along the
proximo-distal axis of the leg. The first (T1) and third (T3) legs
express Scr and Ubx, respectively, and carry densely packed
transverse bristle rows (TBRs) in addition to the longitudinal
rows. In males, the most distal TBR on the T1 leg is
transformed into a sex comb—an array of curved, darkly
pigmented bristles that point away from the leg. The
differences between T1 and T2 legs, and between male and
female T1 legs, have long been known to be controlled by Scr
and dsx, respectively (Baker and Ridge, 1980; Hildreth, 1965;
Pattatucci et al., 1991; Struhl, 1982; Tokunaga and Stern,
1965). However, no target genes of either Scr or dsx in this
tissue have ever been found. In this report, we identify putative
targets of Scr and dsx by comparing genome-wide expression
profiles between male and female T1 and T2 legs. We then
examine the spatial expression patterns of the differentially
expressed genes and show that at least one new gene is
expressed in a tightly restricted sex- and segment-specific
pattern that suggests it is jointly regulated by Scr and dsx.
Other genes show quantitative differences in expression
between segments, or between males and females. Overall,
less than 1% of the genome is expressed either segment or sex
specifically in the pupal legs.Materials and methods
Drosophila strains and genotypes
Microarray analysis was performed in the near-isogenic line WI89, which
was established from a single female collected in Winters, CA, and inbred by
single pair, full-sib crosses for 20 generations (Yang and Nuzhdin, 2003). The
advantage of using a highly inbred line is that it minimizes genetic variation
among individuals, and thus variation in gene expression levels across replicate
RNA samples. At the same time, WI89 is one of the most vigorous near-isogenic
lines available, indicating that inbreeding depression is not a major problem.
The following mutants were used:
rn-Gal44 – 5 (St Pierre et al., 2002), a driver expressed in distal t1 and
throughout t2, t3, and t4 joints of all legs;
UAS-ScrM15 (Andrew et al., 1994);
UAS-traF (Ferveur et al., 1995), which expresses the functional (female)
splicing isoform of transformer;
dsxD, a dominant mutation that results in constitutive male-specific splicing
of doublesex (Nagoshi and Baker, 1990); and
Df(3R)dsx3, a deficiency that removes the entire dsx locus (Baker et al.,
1991).
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produced regardless of the chromosomal sex.
To examine the effects of ectopic Scr expression, rn-Gal4/TM6, Tb Dr
females were crossed to UAS-ScrM15 males. In the F1 progeny, UAS-ScrM15/+;
rn-Gal4/+ (Tb+) males expressed Scr in the tarsal segments of all legs, while
UAS-ScrM15/+; TM6/+ (Tb) males served as controls. Similarly, rn-Gal4/
TM6, Tb Dr females were crossed to UAS-traF males to analyze the effects of
tra expression in males. UAS-traF/+; rn-Gal4/+ (Tb+) males had feminized
tarsi, while UAS-traF/+; TM6/+ (Tb) males and females served as controls.
Chromosomal females expressing only the male-specific isoform of dsx were
obtained by crossing Df(3R)dsx3/TM6, Tb females to dsxD Sb e/TM6, Tb
males. XX; dsxD/Df(3R)dsx3 females (‘‘pseudomales’’) were distinguished
from XY; dsxD/Df(3R)dsx3 males by their much smaller testes.
Tissue collection and RNA isolation
To obtain precisely synchronized cohorts of pupae, white prepupae (0–1
h after pupariation) were collected from culture bottles, sexed, placed on a
moist Kimwipe in a Petri dish, and aged for 16 h at 25-C in 70% humidity.
Once aged, the pupae were attached to sticky tape and carefully removed from
their pupal cases using sharp forceps. The pupae were then placed in a
depression glass filled with Trizol (Invitrogen), which was kept on ice
thereafter. The front and middle legs were removed under Trizol using sharp
forceps (Dumont #55, 0.05 mm  0.02 mm tip), and placed in tubes containing
100 Al of Trizol. The dissected portion of the leg included only the tarsal
segments and distal half of the tibia. To minimize RNA degradation, no more
than 4–5 pupae at a time were removed from pupal cases, and dissections were
performed on ice. The tubes containing dissected legs were frozen immediately
on dry ice and transferred to a 80-C freezer until RNA isolation. No more
than 1 month was allowed to pass between dissection and RNA isolation.
After thawing, samples were adjusted with Trizol to 200 Al, and 1 Al of
linear polyacrylamide (Sigma) was added to each sample. Samples were
homogenized on ice with a glass–glass tissue grinder (Kontes) and transferred
to a new 1.5-ml Eppendorf tube. 800 Al of Trizol was added and mixed with the
homogenized sample, followed by addition of 200 Al of chloroform. Samples
were shaken vigorously for 20 s and allowed to sit for 5 min at room
temperature, after which they were centrifuged for 20 min at 4-C at 14,000
rpm. The upper phase was collected and transferred to a new Eppendorf tube.
500 Al of isopropanol was added to each tube, and samples were frozen
overnight at 20-C. RNA was then precipitated by spinning at 14,000 rpm at
4-C for 30 min. Pellets were washed with 70% EtOH, dried, and dissolved in
20 Al of DEPC-treated water. RNA concentration was measured by fluorometry
using the RiboGreen dye (Invitrogen), and RNA quality and size distribution
were checked on a Bioanalyser (Agilent Technologies).
In microarray experiments, each tissue was analyzed in four replicates
consisting of 32–36 individuals each. For quantitative RT-PCR, six replicates
of 15–20 individuals each were analyzed for each tissue. T1 and T2 legs were
always dissected from the same groups of individuals. All replicates were
independent: pupae for different samples were reared on different plates, and
the RNA from each individual went into one and only one replicate. This
design ensured that each RNA sample was a true biological replicate.
RNA amplification and labeling for microarray experiments
For each sample, first cDNA strand was synthesized from 100 ng of total
RNA. The RNAwas incubated with 10 pM of oligo-dT-T7 primer at 70-C for 6
min. A polyadenylated RNA control template (Affymetrix) was added at
1:250,000 dilution to monitor the efficiency of labeling and hybridization later
in the experiment. First strand synthesis was carried out using 200 U of
SuperScript II reverse transcriptase (Invitrogen) in the presence of 20 U of
RNaseOUT (Invitrogen). Reactions were allowed to proceed for 1 h at 42-C,
followed by heating to 70-C for 10 min and cooling to 4-C for 2 min. Second
cDNA strand was synthesized using Escherichia coli DNA polymerase I (6 U),
with RNaseH (0.4 U) added to the reaction to destroy the original RNA. After 2
h at 16-C, samples were heated to 75-C for 10 min to inactivate the enzymes.
The first in vitro transcription (IVT) cycle was performed using MEGAscript
T7 polymerase (Ambion) for 16 h at 37-C, and the cRNA was purified usingGeneChip sample cleanup module (Qiagen). cRNA was quantified by
spectrophotometry, and OD 260/280 ratio was measured to monitor cRNA
purity. 700 ng of cRNA was used for the second round of amplification.
Purified cRNA was annealed with a mix of random primers (0.4 Ag), and new
first strand cDNAwas synthesized as described above. cRNAwas destroyed by
incubating for 20 min at 37-C with 2 U of RNaseH, which was then inactivated
by heating to 95-C for 5 min. After cooling, second cDNA strand was
synthesized using 40 U of DNA polymerase I and oligo-dT-T7 primer for 2 h at
16-C. At the end of synthesis, reactions were spiked with 10 U of T4 DNA
polymerase and incubated for 10 min at 16-C and 2 min at 4-C. Double-
stranded cDNA was purified using the GeneChip sample cleanup module.
Synthesis of biotin-labeled cRNA was performed with GeneChip IVT
labeling kit using all recovered double-stranded cDNA. Biotin-labeled cRNA
was purified using GeneChip sample cleanup module (Qiagen), tested on a
Bioanalyser for quality control, and quantified by spectrophotometry to
determine the yield. 15 Ag of biotin-cRNA was fragmented using the
fragmentation buffer from the Qiagen GeneChip sample cleanup module, and
5 Ag of each sample was hybridized to Affymetrix Drosophila genome v2.0
arrays at the UC-Davis Genome Center facility.
In our hands, the procedure described above results in ¨65,000-fold
amplification of the polyA+ RNA fraction. To test the reproducibility of this
amplification, we compared the biological replicates of each tissue using a
weighted kappa coefficient (Fleiss, 1981) and found that all replicates were in
good agreement (0.768–0.798).
Statistical analysis of microarray data
Image data were quantified using GeneChip Analysis Suite/Microarray Suite
5.0 (MAS 5.0). Identification of informative features was performed using
default settings (a1: 0.04; a2: 0.06; d: 0.015; Scale factor: 1.0; Norm Factor:
1.0). There were 18952 features on the array, 18804 of which were identified as
Drosophila genes by the ‘‘Transcript ID’’ variable in the NetAffyx annotation. If
a particular feature was deemed ‘‘absent’’ in all 16 replicates, that feature was
removed from further consideration (n = 7083). For the remaining features (n =
11,721), transcript levels were normalized to the chip median and log-
transformed. For each feature, which represents the combined expression data
from all relevant probe pairs on the chip, the effect of tissue was tested in an
ANOVA modeling framework (Kerr and Churchill, 2001a,b; Singh et al., 2003;
Wayne and McIntyre, 2002; Wolfinger et al., 2001). Four pairwise comparisons
between tissues were performed: male T1 vs. female T1, male T1 vs. male T2,
female T1 vs. female T2, and male T2 vs. female T2. ANOVA was performed
separately for each of these comparisons according to the following model: Yij =
lI + gj + (ij, where Yij is the normalized intensity, l is the overall mean of the
normalized values for feature i, g is the effect of tissue ( j = tissue 1 or tissue 2),
and ( is the error. We examined the model for conformation to the assumption of
normality of the residuals using the Shapiro–Wilkes test. To test the null
hypothesis that the expression level of a particular feature does not differ
between tissues, an F test of the effect of tissue was conducted for each feature,
and the corresponding P value was calculated. All analyses were performed in
SAS (SAS Institute, Cary NC).
To determine the statistical significance of P values, we used the false
discovery rate (FDR) approach (Benjamini and Hochberg, 1995). As type I and
type II errors are inversely related, a decrease in the number of false positives
(type I) can only be achieved at the expense of increasing the number of false
negatives (type II). When many tests are conducted in parallel, as in a
microarray experiment, keeping the proportion of false discoveries relative to
all significant results at a pre-determined level (FDR) is a powerful alternative
to the traditional approach of avoiding even a single false discovery. In
exploratory studies, such as this one, avoiding any false positives at the expense
of generating many false negatives is not a satisfactory approach. The
Benjamini and Hochberg procedure for FDR control provides an easily
interpretable mechanism to control type I errors while simultaneously reducing
type II errors. For example, an FDR of 0.05 indicates that, on average, 5% of all
significant results are expected to be false positives. Control of the false
discovery rate is gaining popularity in genomic research (e.g., Peng et al., 2003;
Sabatti et al., 2003; Storey and Tibshirani, 2003; Tusher et al., 2001; Veena et
al., 2003; Weller et al., 1998), and details on how to apply this procedure are
reviewed in (Verhoeven et al., 2005). In our analysis, we isolated sets of genes
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thresholds of FDR = 0.05, FDR = 0.1, and FDR = 0.2.
Quantitative RT-PCR
For each replicate sample, double-stranded cDNA was synthesized as
follows. 2 AM of oligo-dT-T7 primer was added to 300 ng of total RNA and
incubated at 70-C for 6 min. Samples were then cooled to 4-C for at least 2 min
before the next step. 200 U of SuperScript II reverse transcriptase, 0.2 volumes
of 5 First strand buffer (Invitrogen), 20 U of RNaseOUT, 0.01 M of DTT, and
0.5 mM of dNTPs were added to the template/primer mix, and first strand
cDNA synthesis was performed at 42-C for 1 h. Afterwards, the samples were
heated to 70-C to denature the enzyme and cooled to 4-C before the next step.
For second strand synthesis, 6 U of E. coli DNA polymerase I, 3.5 mM of
freshly diluted MgCl2, 0.2 mM of dNTPs, and 0.4 U of RNaseH were added to
each sample, and the reaction was allowed to proceed for 2 h at 16-C. The
enzymes were inactivated by heating to 75-C for 10 min, and the samples were
aliquoted and stored at 20-C until further use.
Primers for quantitative PCR (qPCR) were designed using TaqMan probe
and primer design software (Applied Biosystems). qPCR reactions were
performed using 1 Al (approximately 15 ng) of cDNA template, 0.2 AM of each
primer, and SybrGreen PCR master mix (Applied Biosystems) on an ABI-7900
real-time thermal cycler. Two identically prepared technical replicates were
analyzed for each cDNA sample. The same procedures were also used to
quantify the expression of actin in each replicate sample to account for possible
variation in the starting amount of RNA and the efficiency of reverse
transcription among samples.
Statistical analysis of quantitative RT-PCR data
Gene expression levels were quantified as cycle thresholds (CT)—the
number of cycles required to reach exponential amplification. For each replicate
sample, transcript levels were normalized by dividing the CT for the gene of
interest by the CT for actin measured in the same sample. To test whether gene
expression levels differed between tissues, we fit the mixed effects linear model
Yijk = l + Ti + bj + (ijk. For each gene, Yijk is the normalized transcript level in
the kth technical replicate of the jth biological replicate for the ith tissue, l is
the overall mean expression across replicates, Ti represents the fixed effect of
the ith tissue, bj represents the random effect of the jth biological replicate, and
(ijk is a random error term, assumed to be normally distributed (Neter et al.,
1990). The null hypothesis is that Ti = 0, that is, mean expression does not
differ between tissues. To test this null hypothesis, an F test of the effect of
tissue was conducted by calculating the ratio of the mean squares for tissue over
the mean squares for error, and the corresponding P value was calculated.
Significance was determined by bootstrapping the original data set 500 times
(Efron and Tibshirani, 1993). All analyses were performed in SAS (SAS
Institute, Cary NC).
Measuring relative transcript abundance
CT value is a negative logarithmic function of transcript abundance: higher
initial concentration allows PCR to reach exponential stage after fewer cycles.
To translate differences in CT values into relative transcript abundance, we
calibrated qPCR measurements using serial dilutions of plasmid DNA whose
concentration was previously determined by spectrophotometry. Three genes
were used for this calibration: CG7835, Scp2, and black. For each gene, a
series of 10-fold dilutions ranging from 0.01 fg to 100 ng was prepared and
analyzed by qPCR as described above. CT values (on a linear scale) were
plotted against the known DNA concentration (on the logarithmic scale). We
found that the stable linear range extended from 0.1 fg to 10 ng; below and
above this range, measurements became less reliable. Within the linear range,
the relationship between template abundance and CT value was 2.75-fold per
cycle for Scp2, 2.87-fold per cycle for CG7835, and 2.94-fold per cycle for
black. We used the average of these values, 2.853, in our qPCR experiments to
translate the difference in CT values between tissues, averaged over all
replicates, into an estimate of relative abundance of the corresponding transcript
in these tissues. The ratio of transcript abundance in two tissues was calculated
as 2.853CT1 –CT2.RNA in situ hybridization
In situ hybridization with digoxigenin-labeled RNA probes was performed
as described by Tautz and Pfeifle (1989), with minor modifications. After 6
h after pupariation (AP), pupal appendages are enclosed by an impenetrable
pupal cuticle and need to be removed from this cuticle before staining. To
obtain precisely staged pupae, white prepupae (0–1 h AP) were collected from
culture bottles, sexed, placed on a moist Kimwipe in a Petri dish, and aged for
20–24 h at 25-C in 70% humidity. Once aged, the pupae were attached to
sticky tape and cut into ventral and dorsal halves using a sharp razor blade. The
ventral halves were removed from the bisected pupal cases and fixed in 4%
formaldehyde (EM grade, Polysciences) in DEPC-treated PBS buffer for 20
min at room temperature. Samples were washed and transferred to a depression
glass filled with the same buffer. Pupal membrane was carefully ruptured at the
base of each leg using sharp forceps, and the leg was severed near the distal
femur/proximal tibia boundary and slowly pulled out of its pocket of pupal
membrane. At this stage, the legs lack cuticle or joints and are quite fragile. All
subsequent manipulations were carried out in a depression glass, which was
sealed with Parafilm during hybridization and long washes to prevent
evaporation. Isolated legs were fixed again in 4% formaldehyde for 20 min
at room temperature, washed, digested with Proteinase K at 10 Ag/ml for 2 min,
and post-fixed in 4% formaldehyde for another 30 min. The protocol of Tautz
and Pfeifle (1989) was followed for the subsequent steps.
Phylogenetic analysis
CG13857 encodes a novel protein with no recognizable functional
domains. We used BLAST (Altschul et al., 1990) to search protein and
nucleotide sequence databases for potential homologues of this gene. Putative
homologues were found in other Drosophila species, Anopheles (mosquito),
and Apis (honeybee), but none outside of insects. We then repeated the BLAST
search using the honeybee protein sequence. This search revealed a strong
similarity to the pan-eukaryotic protein family of primases (EC 2.7.7.-;
GO:0003896). CG13857 protein sequences from several insect species, and
representative primase sequences from animals, plants, and fungi were aligned
using ClustalW (Thompson et al., 1994). Phylogenetic analysis was performed
in PAUP using the Minimum Evolution optimality criterion and branch
swapping by tree bisection-reconnection (Swofford, 2000). Maximum parsi-
mony analysis gave similar results. Node support was determined by 1000
bootstrap replicates with random order of sequence addition.
Results
Experimental design
The chaetotaxy of Drosophila legs is both segment and sex
specific. The ventral–anterior surface of the distal tibia and the
first tarsal segment of the prothoracic (T1) leg carries several
tightly packed rows of mechanosensory bristles (Hannah-
Alavah, 1958). These transverse bristle rows (TBRs) follow
the circumference of the leg (Fig. 1A) and form a brush that the
flies use to clean their head and eyes (Szebenyi, 1969). The
TBRs are absent from the mesothoracic (T2) leg, where all
bristles are arranged in sparse rows along the proximo-distal
leg axis (Hannah-Alavah, 1958; Orenic et al., 1993). In males,
the distal basitarsus of the T1 leg carries a sex comb (Figs. 1B
and C)—a male-specific structure that is used to grab the
female’s abdomen during mating (Spieth, 1952) (Ng and Kopp,
unpublished). The sex comb corresponds to, and develops
from, the most distal TBR, whose component bristles (teeth)
become curved, blunted, and heavily melanized (Held et al.,
2004; Tokunaga, 1962). The TBR giving rise to the sex comb
rotates 90-, so that the teeth become oriented from anterior/
Fig. 1. Chaetotaxy of the prothoracic (T1) leg in D. melanogaster. Distal is down and anterior is to the left in all panels. (A) Ventral view of the female T1 leg. The
distal tibia and the first two tarsal segments (t1 and t2) are shown. Note the densely packed transverse bristle rows (TBRs) on the distal tibia and t1. (B) Anterior–
ventral view of the male T1 leg. The most distal TBR on the first tarsal segment is transformed into a darkly pigmented sex comb oriented along the proximo-distal
axis of the leg. (C and D) Scanning electron micrographs of the distal t1 in male (C) and female (D), ventral view. In the female, the two most proximal TBRs are
shown. Note that all bristles are straight, pointed, and oriented from proximal to distal. In the male, the sex comb (on the left) consists of curved, blunt bristles (teeth)
that point from anterior–dorsal to posterior-ventral. The white arrow in C points to the ‘‘central bristle’’ that, like the sex comb, develops from the most distal TBR
(Hannah-Alavah, 1958; Held et al., 2004). (E and F) Anterior–dorsal view of t1 in males (E) and females (F). Open arrowheads in panels E and F point to
chemosensory organs that are present in both sexes. Hatched arrowheads in panel E point to additional, male-specific chemosensory organs.
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distal orientation, and point away from the leg (Figs. 1C and
D). In addition to the sex comb, the male T1 basitarsus carries
several extra chemosensory bristles that are absent in females
(Figs. 1E and F) (Hannah-Alavah, 1958). In contrast to the T1
legs, the T2 legs lack any overt sexual dimorphism.
We reasoned that the genes that control the development of
segment- and sex-specific morphological traits, including the
sex comb, are likely to be expressed at different levels in T1 vs.
T2 legs, and in male vs. female T1 legs. Sex comb rotation is
initiated at 16–17 h AP (Held et al., 2004), suggesting that the
regulatory information required for TBR and sex comb
development is already present at that time. Following these
predictions, we used whole-genome microarray hybridization
to compare gene expression between male and female T1 and
T2 pupal legs. Distal leg segments, including the tarsus and
distal tibia, were dissected from 16 h old pupae, and each of the
four tissues was analyzed in four independent replicates. To
minimize technical variation between replicates of the same
tissue, we used an isogenic Drosophila strain and pooled 32–
38 individuals for each replicate sample. Our previous work
has shown that 20 individuals per sample are sufficient to
achieve high reproducibility (McIntyre et al., unpublished; see
http://www.genomics.purdue.edu/reports/pooling.htm).
Each sample of dissected pupal legs contained 2.2–3.4 Ag
(average 2.9 Ag) of total RNA. To generate material sufficientfor microarray hybridization, we amplified the polyadenylated
mRNA fraction of the total RNA by two rounds of in vitro
transcription. This procedure has been shown to produce linear,
reproducible amplification (Baugh et al., 2001, 2003; Klebes et
al., 2002; Puskas et al., 2002). In our experience, the initial
input of 100 ng of total RNA yields the final amount of 94.3–
154.6 Ag (average 130.8 Ag) of labeled complementary RNA.
Thus, assuming that the polyA+ fraction comprises ¨2% of
total RNA, this fraction is amplified, on average, to ¨65,000-
fold. To assess the reproducibility of this amplification, we
compared normalized hybridization intensities between repli-
cates within each tissue. We found that gene expression levels
were highly correlated across replicates, with weighted kappa
coefficients ranging from 0.768 to 0.798. In general, weighted
kappa coefficients higher than 0.75 are considered excellent
(Fleiss, 1981), and our values compare favorably with those
observed in microarray experiments using unamplified RNA
samples (Pedra et al., 2004). Thus, RNA amplification does not
lead to a loss of reproducibility. We could not compare
amplified samples with the original unamplified RNA and thus
cannot rule out systematic biases in amplification (i.e.,
preferential amplification of some sequences relative to others).
However, such biases appear to be rare (Baugh et al., 2001;
Klebes et al., 2002; Puskas et al., 2002), and since all samples
are similar in their initial composition and were amplified by
roughly the same amount, they should not prejudice our results.
Table 2
Predicted functions of differentially expressed genes
Predicted function Comparison
mT1–fT1a mT2–fT2b T1–T2c
Metabolic enzyme/transporter 25 8 10
Transcription factor 17 2 5
Extracellular ligand/receptor 12 2 5
Cytoskeletal protein 9 0 1
Signal transduction 9 1 1
RNA binding protein 8 0 0
Cell adhesion 7 0 1
Chromatin binding 6 0 1
Other 8 3 4
Unknown function 42 19 8
a Comparison between male T1 and female T1 legs.
b Male T2 vs. female T2 legs.
c T1 vs. T2 legs in both sexes.
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A total of 7215 genes were expressed at detectable levels in
the distal legs of 16 h old pupae. This constitutes approxi-
mately 53% of annotated Drosophila genes, as represented on
the Affymetrix microarray. Of these, only 157 genes show
evidence of either sex- or segment-specific expression at the
significance threshold of FDR = 0.2 (Table 1). Since the FDR
rate implies that 20% of these positive results are false, we
expect that ¨125 genes, or ¨1% of the fly genome, show truly
significant differences. In general, there is more evidence of
sex-specific than segment-specific expression. At FDR = 0.2,
143 genes differ in expression between males and females,
whereas only 14 differ between T1 and T2 legs (3 in males and
13 in females, 2 of which differ in both sexes). Interestingly,
sexual dimorphism at the morphological level is paralleled by
sexually dimorphic gene expression. In T1 legs, 143 genes
differ between males and females at FDR = 0.2, whereas in the
T2 legs the corresponding number is zero (Table 1).
All genes that are differentially expressed at the FDR = 0.2
or P < 0.001 level are listed in Supplementary Tables 1–4.
Genes that show sexually dimorphic expression in the T1 leg
have a variety of known or predicted molecular functions,
including transcriptional regulation, cell signaling and signal
transduction, cell adhesion, and cytoskeletal organization and
remodeling (Table 2 and Supplement Table 3). It is likely that
at least some of these genes are involved in bristle migration or
epithelial rearrangement required for sex comb rotation (Held
et al., 2004). Only 7 of the 143 genes that show sexually
dimorphic expression in the T1 leg are also differentially
expressed in the T2 leg at the more lenient threshold of P <
0.001 (Table 2 and Supplement Table 4). Thus, we believe that
there are few or no sex-specific features in the T2 leg at the
early pupal stage. Genes expressed at segment-specific levels
also include potential regulatory genes such as transcription
factors and signaling molecules (Table 2 and Supplement
Tables 1 and 2). The sets of genes that show sex- and segment-
specific expression at FDR = 0.2 do not overlap (Supplement
Tables 1–4). However, our subsequent experiments have
shown that the expression of at least one gene differs both
between males and females and between T1 and T2 legs (see
below).
Qualitative and quantitative differences in gene expression
Like any quantitative technique, microarray hybridization is
susceptible to both type I and type II errors (false positives and
false negatives), and it is essential to discern the true sexual and
segmental differences from experimental artifacts. While weTable 1
The numbers of differentially expressed genes
FDR = 0.05 FDR = 0.1 FDR = 0.2 P < 0.001
Male T1–male T2 2 2 3 16
Male T1– female T1 1 7 143 94
Female T1–female T2 2 2 13 23
Male T2– female T2 0 0 0 35cannot guarantee that we have no false negatives in this study,
we can test the sensitivity of our approach by examining the
expression of genes that are known to have sex- or segment-
specific expression in the distal leg. At present, only two such
genes are known—the homeotic gene Sex combs reduced
(Scr), which is expressed in the prothoracic segment and
controls the morphological differences between T1 and T2 legs
(Pattatucci and Kaufman, 1991; Percival-Smith et al., 1997;
Struhl, 1982), and the sex-specific splicing variants of
doublesex (dsx), which control sexually dimorphic differenti-
ation of cuticular structures, including the sex comb (Baker and
Ridge, 1980; Burtis and Baker, 1989; Nagoshi et al., 1988).
Both Scr and dsx were identified in our microarray experi-
ments at an FDR level of 0.05 (Table 1 and Supplement Tables
1–3). Thus, it is unlikely that other genes that show qualitative,
all-or-nothing differences in expression would be missed in our
analysis. However, we cannot rule out that some of the genes
showing more subtle quantitative differences have escaped
detection.
To confirm the microarray results, we first used quantitative
reverse transcriptase PCR (qPCR). We selected 12 candidates
that showed segment-specific expression, and 14 that showed
sex-specific expression, in microarray experiments. Of these, 9
and 8 genes, respectively, also showed statistically significant
(P < 0.005) differences in qPCR assays, indicating that in all
likelihood their expression truly differs between males and
females, or between T1 and T2 legs (Tables 3, 4). The overall
confirmation rate was ¨65% (17/26), which is representative
of microarray experiments validated by qPCR or Northern
blotting (Arbeitman et al., 2004; Buttitta et al., 2003).
By calibrating the rate of PCR amplification, we also
estimated the magnitude of segment- and sex-specific differ-
ences in transcript abundance (Tables 3 and 4). In the
microarray experiments, the only gene other than Scr and
dsx that showed differential expression at FDR = 0.05 level
was CG13857 (Table 1 and Supplement Tables 1 and 2). qPCR
has shown that this gene is expressed at a ¨26-fold higher level
in T1 than in T2 legs (Table 3). Indeed, this difference is
greater than that observed for Scr itself, which is only ¨6-fold
(Table 3). Among the sex-specific candidates, only three,
Table 3
Quantitative analysis of segment-specific gene expression
Gene Molecular function Microarray data qPCR data
F, mT1–mT2a P, mT1–mT2b F, mT1– fT1a P, mT1– fT1b P ( F)c T1:T2 ratiod
CG13857 Unknown 426.2217747 <0.0001 18.48786342 0.0051 <0.005 26.11
PFE Receptor Ser/Tre kinase 46.05307791 0.0005 7.145882787 0.0369 <0.005 1.42
nord Fibronectin type III 72.50101706 0.0001 0.0006554 0.9938 <0.005 0.35
Scr Transcription factor 391.2090053 <0.0001 17.71644037 0.0056 <0.005 6.16
CG5691 Lysosome biogenesis? 136.9113689 <0.0001 6.385180945 0.0449 <0.005 1.13
CG15336 Nucleic acid binding protein? 57.31659589 0.0003 0.096264419 0.7669 <0.005 1.03
CG14242 Unknown 44.41728584 0.0006 1.996031372 0.2074 <0.005 1.00
CG31516 Unknown 69.71781355 0.0002 6.831883013 0.0399 <0.005 0.86
anachronism Extracellular protein 37.97010727 0.0008 0.01761372 0.8988 <0.005 0.36
CG32683 GPCR signaling component 43.75000039 0.0006 2.098218643 0.1976 0.300 1.10
CG32052 Sphingomyelin phosphodiesterase 75.32497329 0.0001 1.075463238 0.3397 0.676 0.58
stripe Transcription factor 60.69933787 0.0002 11.33652114 0.0151 0.925 0.77
mT1, male front leg; mT2, male second leg; fT1, female front leg. See Materials and methods for experimental details and data analysis.
a F test of the null hypothesis that gene expression does not differ between tissues.
b P value for the corresponding F test.
c P value for the F test of the null hypothesis that gene expression does not differ between tissues.
d Ratio of transcript abundance in male T1 vs. male T2 legs.
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differences between males and females (Table 4). Most genes
showed much smaller, 1.2- to 2-fold differences in expression
between sexes or between T1 and T2 legs (Tables 3, 4). Thus, it
appears that subtle sex- and segment-specific modulation of
gene expression in far more common that qualitative, all-or-
nothing differences. How much of that modulation is func-
tionally important remains to be determined.
Sexual differences are genotype specific
Our initial microarray and qPCR experiments were per-
formed in a single isogenic strain, WI89. However, different
wild-type strains of Drosophila have different gene expressionTable 4
Quantitative analysis of sex-specific gene expression
Gene Molecular function Microarray data
F, mT1–fT1a P, mT1
CG30277 Organic anion transporter 34.89419641 0.001
Scp2 Calcium binding GTPase 43.51003769 0.0006
CG13857 Unknown 18.48786342 0.0051
CG31700 Unknown 54.86235072 0.0003
CG7835 Unknown 32.34387252 0.0013
Gap1 Ras GTPase activator 116.108562 <0.0001
coracle Cytoskeletal protein 31.38653084 0.0014
Fs Activin inhibitor 219.6666033 <0.0001
CG1273 Unknown 124.3084457 <0.0001
DLP Receptor signaling protein 97.425602 <0.0001
CG9215 Nucleic acid binding protein 37.48795266 0.0009
Menin1 GTPase/JNK pathway 42.88881415 0.0006
broad Transcription factor 34.58707687 0.0011
Su(z)2 DNA/Chromatin binding protein 120.0167228 <0.0001
mT1, male front leg; fT1, female front leg; mT2, male second leg. See Materials a
a F test of the null hypothesis that gene expression does not differ between tissu
b P value for the corresponding F test.
c P value for the F test of the null hypothesis that gene expression does not diff
d Ratio of transcript abundance in male vs. female T1 legs.profiles, with 40–50% of all genes expressed at significantly
different levels in different strains (Gibson et al., 2004;
Meiklejohn et al., 2003; Wayne et al., 2004). It is therefore
important to confirm that the quantitative differences observed
in WI89 are typical of the species as whole. We used qPCR to
measure the expression levels of eight candidate genes in
mutant and transgenic flies to test whether their expression is
regulated by Scr or the somatic sex determination pathway (see
below). As part of this analysis, we compared gene expression
levels between male T1 and T2 legs, and between male and
female T1 legs, in the wild-type siblings of mutant individuals.
These results were compared to identically performed qPCR
measurements in WI89. For all three segment-specific genes
(CG13857, ana, and nord), the difference between T1 and T2qPCR data
– fT1b F, mT1–mT2a P, mT1–mT2b P ( F)c M:F ratiod
7.073376266 0.0375 <0.005 6.12
3.947068764 0.0941 <0.005 3.83
426.2217747 <0.0001 <0.005 3.80
0.018484865 0.8963 <0.005 1.42
3.66933769 0.1039 <0.005 1.01
0.04327227 0.8421 <0.005 0.71
0.118148038 0.7428 <0.005 0.55
9.856765564 0.0201 <0.005 0.75
0.355048477 0.573 0.050 0.83
0.769210374 0.4142 0.139 0.55
2.197785393 0.1887 0.580 0.91
0.923136939 0.3738 0.650 0.82
8.136448905 0.0291 0.720 1.67
0.041065586 0.8461 0.838 0.74




Gene expression in homeotic and sex determination mutants
Gene Comparisons
T1 vs. T2 UAS-Scr vs. T1a UAS-Scr vs. T2b
CG13857 <0.005 0.600 <0.005
ana 0.040 0.780 0.020











CG13857 <0.005 <0.005 <0.005 <0.005 <0.005
CG30277 0.330 0.010 0.010 0.051 0.220
Gap1 0.045 <0.005 0.010 0.020 0.530
Scp2 0.884 0.002 0.002 0.372 0.442
cora 0.015 <0.005 0.065 <0.005 <0.005
Gene expression levels were measured by qPCR. The number in each cell is the
P value for the F test of the null hypothesis that gene expression does not differ
between tissues or genotypes. See Materials and methods for experimental
details and data analysis.
a T2 legs of UAS-Scr/+; rn-GAL4/+ males vs. T1 legs of UAS-Scr/+; TM6/+
males.
b T2 legs of UAS-Scr/+; rn-GAL4/+ males vs. T2 legs of UAS-Scr/+; TM6/+
males.
c T1 legs of UAS-traF/+; rn-GAL4/+ males vs. T1 legs of UAS-traF/+;
TM6/+ males.
d T1 legs of UAS-traF/+; rn-GAL4/+ males vs. T1 legs of UAS-traF/+;
TM6/+ females.
e T1 legs of dsxD/Df(3R)dsx3 females vs. T1 legs of UAS-traF/+; TM6/+
males.
f T1 legs of dsxD/Df(3R)dsx3 females vs. T1 legs of UAS-traF/+; TM6/+
females.
O. Barmina et al. / Developmental Biology 288 (2005) 528–544 535legs was significant (P < 0.05) and occurred in the same
direction in both genotypes: T1 > T2 for CG13857, and T2 >
T1 for ana and nord (Table 5 and Fig. 2). For sex-specific
genes, the results were contradictory. CG30277 and Scp2,
which were the two genes that showed the greatest differences
in expression between males and females in WI89 (4- to 6-fold,
P < 0.005), did not show any sexual differences in the new
genotype (P = 0.330–0.884). Two other genes, Gap1 and
coracle, showed marginally significant differences (P =
0.015–0.045), but the direction of these differences wasFig. 2. qPCR analysis of gene expression. Plotted on the y-axis is normalized transcri
for actin in the same group of samples). (A) Segment-specific genes. T1, first legs of
Scr, second legs of UAS-Scr/+; rn-GAL4/+ males. (B) Sex-specific genes. Male, T
females. UAS-traF, T1 legs of UAS-traF/+; rn-GAL4/+ males. dsx, T1 legs of dsxDreversed. Whereas in WI89 both genes were expressed at a
higher level in females than in males (Table 4), in the new
genotype males had slightly higher expression (Fig. 2). Only
one gene, CG13857, showed consistent and significant male–
female differences in both genotypes (Tables 3 and 5; Fig. 2).
Thus, some of the strongest sexual differences in gene
expression in the early pupal legs appear to be genotype
specific.
Spatial expression patterns of sex- and segment-specific genes
At 16 h AP, when the microarray and qPCR experiments
were performed, the legs are surrounded by an impenetrable
pupal membrane that precludes staining with macromolecular
probes. We therefore used RNA in situ hybridization to
examine gene expression in prepupal leg disks at 1–2 h AP
(before the pupal membrane is secreted) and in everted pupal
legs at 20–24 h AP (when they can already be removed from
their pockets of pupal membrane).
Only one gene, CG13857, shows a qualitatively different
expression pattern in different segments and in males vs.
females. qPCR assays have shown that this gene is expressed at
a ¨26-fold higher level in T1 than in T2 leg, and ¨4-fold
higher in males than in females (Tables 3 and 4). These
differences are clearly confirmed by in situ hybridization. In
prepupal T1 leg discs, CG13857 is expressed in a crescent that
is tightly restricted along the proximo-distal, anterior–posteri-
or, and dorso-ventral leg axes (Fig. 3A). This crescent
corresponds to the anterior–ventral portion of the proximal
tarsal fold. CG13857 is not visibly expressed in T2 or T3 legs
(Fig. 3B), in any other imaginal discs, in the CNS, or in any of
the larval tissues. To our knowledge, this is the only gene with
such a restricted expression pattern. In the 24-h pupal legs,
after leg extension but before the formation of leg joints,
CG13857 is expressed in the T1 leg on the anterior–ventral
surface of tarsal segments (Figs. 3C and D). Expression level is
high in t1 and t2 and decreases progressively in the more distal
leg segments (Fig. 3D). No expression is observed in T2 or T3,pt abundance (mean CT value for the gene in question divided by meat CT value
UAS-Scr/+; TM6/+ males. T2, second legs of UAS-Scr/+; TM6/+ males. UAS-
1 legs of UAS-traF/+; TM6/+ males. Female, T1 legs of UAS-traF/+; TM6/+
/Df(3R)dsx3 females.
Fig. 3. Expression pattern of CG13857. (A) A pair of male T1 leg discs
showing two views of the CG13857 expression domain. (B) An overstained
male T2 leg disc; no expression is observed. (C–E) Everted pupal legs at 24
h AP; distal is to the left. (C) Female T1; (D) male T1; (E) male T2. Note that
expression is higher in males than in females. (F) Two views of CG13857
expression in the first tarsal segment of the male T1 leg. TBRs, developing
transverse bristle rows.
Fig. 4. Expression patterns of candidate genes in pupal legs at 20–24 h AP. Distal
expression from distal t1 through t4. (B) Male T2 leg; expression is generally higher t
the abrupt drop in expression level in the distal t1 (arrowhead). (D) A close-up view
on the ventral side of the leg. (E) Gap1 expression in the female T1 leg. (F) Fs expre
within each tarsal segment, with some cells (arrows in F) showing higher express
expression in the male T1 leg. In panels G and H, note the reduced levels of gene
O. Barmina et al. / Developmental Biology 288 (2005) 528–544536or in the tibia of the T1 leg (Figs. 3C–E). Under high
magnification, the expression domain of CG13857 in the
basitarsus can be seen to correspond to the transverse bristle
rows (Fig. 3F). CG13857 expression is higher in males than in
females both in everted pupal legs (Figs. 3C and D) and in
prepupal leg discs (not shown). CG13857 is a novel gene
whose molecular function cannot be predicted from its
sequence (see below). Based on its expression pattern, it may
play an important role in TBR and sex comb development.
The anachronism (ana) shows a more subtle segmental
modulation. In the T1 leg, it is expressed at a high level in the
tibia, the proximal t1, and t5, but at a noticeably lower level in
the distal t1 and t2–t4 (Figs. 4A–C). The domain of reduced
ana expression corresponds to the axial expression domains of
several tarsus-specific genes, including rotund, spineless, and
bric a brac (Agnel et al., 1992; Couderc et al., 2002; Dong et
al., 2001; Duncan et al., 1998; Galindo et al., 2002; Godt et al.,
1993; St Pierre et al., 2002). It is possible that ana expression is
regulated by these genes, but we did not pursue this question.
ana is expressed at a higher level in T2 than in T1, confirming
the results of qPCR (Figs. 4A–C and Table 3). The down-
regulation in the tarsus, while strong in T1, is only subtle in T2
(Figs. 4A and B). ana is also downregulated in the
intersegmental constrictions where the future leg joints are
forming (Figs. 4A–C). However, similar downregulation is
observed for all genes whose expression was examined at this
stage (e.g., Figs. 4E–H), and it is possible that cells in the
constricted regions, which are undergoing complex morpho-
genetic movements (Fristrom and Fristrom, 1993; Mirth, 2005;
Mirth and Akam, 2002), are transcriptionally quiescent. Within
each tarsal segment, ana is expressed in a clearly non-uniform
pattern, predominantly on the ventral surface (Fig. 4D). ana
encodes a secreted protein that acts as a negative regulator ofis to the left in all panels. (A–D) anachronism. (A) Male T1 leg; note reduced
han in T1, especially in the tarsus. (C) t1 and t2 segments of a male T2 leg. Note
of the t2 segment of a male T2 leg. Note the cells expressing high levels of ana
ssion in the male T2 leg. In panels E and F, note that expression in non-uniform
ion than others. (G) CG7835 expression in the female T1 leg. (H) CG15336
expression in the tarsus (arrowheads).
Fig. 5. Segmental and sexual transformations. In panels A–E and H–I, distal is to the left. (A) Scr protein expression in a pupal T1 leg at 20 h AP. Note that
expression is high on the ventral-anterior surface of t1, where the TBRs will develop (arrow), and lower in other parts of the tarsus (t2– t5 and dorsal–posterior t1).
(B) Effects of ectopic Scr expression in T2 leg in UAS-Scr/+; rn-GAL4/+ males. Note the appearance of an ectopic sex comb on t1, and the reduction and fusion of
t2– t4 (bracket). rn-GAL4 is not expressed in the proximal t1 or in t5 (panel H). (C) A close-up view of an ectopic sex comb on T2 in UAS-Scr/+; rn-GAL4/+ male.
(D) effects of expressing functional transformer protein in T1 leg in UAS-traF/+; rn-GAL4/+ males. Note that the sex comb fails to develop, and the distal-most TBR
on the basitarsus assumes a female-like appearance (arrows). (E) Effects of expressing male-specific Doublesex protein in the T1 leg in dsxD/Df(3R)dsx3 females.
The distal-most TBR on the basitarsus assumes morphology intermediate between normal female TBR and the male sex comb (arrow). (F and G) Ectopic Scr
expression in UAS-Scr/+; rn-GAL4/+ males induces ectopic expression of CG13857 in T2 (F) and T3 (G) leg imaginal discs. In both panels, ventral is down and
anterior is to the left. In both legs, CG13857 becomes expressed in a crescent similar to the one normally observed only in T1 (Fig. 3A). (H) Expression of rn-GAL4
in pupal legs at 20 h AP extends from distal t1 through the t4/t5 boundary (X-Gal staining in rn-GAL4/UAS-lacZ). (I) Effect of ectopic Scr on CG13857 expression
in the male T1 pupal leg at 24 h AP. Note the fusion of tarsal segments t2– t4. CG13857 expression in t1 appears slightly increased, although this might be an artifact
of segment fusion. (J) Effect of ectopic Scr on CG13857 expression in the male T2 pupal leg at 24 h AP. Note the ectopic expression of CG13857 in distal t1
(compare to Fig. 3E).
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al., 1993; Park et al., 1997). Its function in the leg is unknown,
but it is possible that its expression in epithelial cells regulatesthe formation of bristle precursor cells. In this case, the
downregulation of ana in the T1 leg may be required for the
formation of densely packed TBRs. Interestingly, ana is also
O. Barmina et al. / Developmental Biology 288 (2005) 528–544538underexpressed in T3 leg imaginal discs relative to the T2 discs
during the late larval stage (Klebes et al., 2002). Since T3 legs
also have densely packed TBRs (albeit in the posterior
compartment, as opposed to the anterior compartment in T1
legs), this pattern is consistent with a function in repressing the
development of bristle precursors.
Several sex- and segment-specific candidate genes, includ-
ing nord, CG30277, and Scp2, could not be detected in 20–24
h pupal legs by in situ hybridization. However, calibrated
qPCR measurements clearly show that transcripts of these
genes are present in the tissue samples, although at a lower
level than CG13857 or ana (data not shown). The most likely
explanation is that these genes are expressed at a uniformly low
level throughout the leg. Other genes, including Gap1, Fs,
PFE, sr, and Su(z)2, are expressed at moderate or high level in
prepupal leg discs and everted pupal legs (Figs. 4E–H). Some,
such as CG7835 and CG15336, are downregulated in the tarsal
region from distal t1 through t4 (Figs. 4G and H). However,
these genes do not show any obvious spatial differences
between T1 and T2 legs, or between males and females. Since
their expression levels measured by qPCR differ by only 1.4- to
2-fold, this result is not surprising. In general, in situ
hybridization confirms the results of qPCR in that only a
small number of genes show noticeable sex- or segment-
specific modulation.
Regulation of segment- and sex-specific expression
Morphological differences between adult T1 and T2 legs are
specified by the homeotic gene Scr (Kaufman et al., 1980;
Pattatucci and Kaufman, 1991; Percival-Smith et al., 1997;
Struhl, 1982), while the sex-specific differentiation of external
cuticular structures, including the sex comb, is controlled by a
splicing cascade involving transformer (tra) and dsx (Baker
and Ridge, 1980; Baker and Wolfner, 1988; McKeown, 1992;
Nagoshi et al., 1988). These genes are the most obvious
candidates for regulating segment- and sex-specific gene
expression in pupal legs. We tested whether CG13857, ana,
and nord were regulated by Scr by comparing their expression
between normal T1 and T2 legs, and T2 legs that ectopically
expressed Scr. Scr is normally expressed at a high level only in
a small anterior–ventral region of the distal tibia and basitarsus
of the T1 leg-a region that corresponds exactly to the surface
covered by TBRs (Fig. 5A) (Pattatucci and Kaufman, 1991;
Percival-Smith and Hayden, 1998); other regions of the T1 leg
express much lower levels of Scr protein. Ectopic Scr
expression in rn-Gal4/UAS-Scr flies leads to two distinct
phenotypes: a formation of ectopic TBRs and sex combs on the
distal basitarsus of T2 and T3 legs, and a reduction and fusion
of the more distal tarsal segments in all three legs (Figs. 5B and
C). The expression of CG13857 and ana is changed in the
predicted way: CG13857 is induced in the T2 and T3 legs,
while ana is downregulated (Figs. 2 and 5F–J). However,
CG13857 expression in all leg discs remains confined to a
small crescent in the anterior–ventral region of the proximal
tarsal fold (Figs. 5F–G), indicating that the spatial expression
pattern of this gene is restricted by regulatory genes other thanScr. Quantitative comparisons show that the expression levels
of CG13857 and ana in Scr-expressing T2 legs become
indistinguishable from T1 legs (P = 0.600–0.780) but
significantly different from normal T2 legs (P = 0.005–
0.020) (Table 5). Surprisingly, nord does not show such
pattern. Rather, the expression level of nord in Scr-expressing
T2 legs in indistinguishable from normal T2 legs (P = 0.085)
but is significantly different from T1 legs (P = 0.005) (Fig. 2
and Table 5). Thus, nord does not appear to be regulated by Scr
at the transcriptional level.
To examine sex-specific gene regulation, the legs of males
were feminized by expressing the female-specific isoform of
tra in rn-Gal4/UAS-traF (Ferveur et al., 1995), while
chromosomal females were masculinized using a dominant
dsx mutation that leads to constitutive male-specific splicing
(dsxD/Df(3R)dsx3) (Nagoshi and Baker, 1990) (Figs. 5D and
E). The observed changes in gene expression were complex
and often inconsistent (Table 5 and Fig. 2). CG30277 and Scp2
were strongly and significantly (P = 0.002–0.010) down-
regulated by tra but did not appear to be upregulated by dsxM
(Table 5). Gap1 and coracle showed smaller changes, some of
which were significant but not consistent with any simple male/
female distinction (Table 5, Fig. 2). CG13857 was strongly
upregulated by dsxM, but also, apparently, by traF. These
results may reflect the complexity of dsx regulatory function.
Both male- and female-specific isoforms of dsx can function as
either activators or repressors, and some target genes are
regulated by both proteins while others are regulated only by
dsxM or only by dsxF (Ahmad and Baker, 2002; Arbeitman et
al., 2004; Li and Baker, 1998). However, it is also possible that
the effects of genetic background and potential difference in
developmental timing (see Discussion) are masking the impact
of mutations in the sex determination pathway, especially for
genes that show relatively subtle differences. Finally, it is
possible that some genes are controlled by a dsx-independent
branch of the sex determination pathway. The male-specific
isoform of fruitless, which controls sexual differentiation in the
nervous system, is expressed in adult flies in the mechan-
osensory neurons innervating the sex comb as well as in
several chemoreceptory neurons in the male foreleg (Manoli et
al., 2005; Stockinger et al., 2005). Although fru could in
principle be responsible for some of the observed differences in
gene expression, this explanation is unlikely since the
developmental stage analyzed in our experiments predates
neuronal differentiation.
Discussion
Sex-, tissue-, and genotype-specific gene expression
It is still entirely unclear how many genes are involved in
sexual differentiation of somatic tissues in Drosophila.
Carefully designed microarray experiments using whole-body
adult RNA samples have not identified any genes involved in
sexually dimorphic differentiation of non-genital structures
(Arbeitman et al., 2004). Traditional developmental-genetic
and molecular approaches have been more successful. For
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sex-specific pigmentation in the adult abdomen based on its
mutant phenotype (Kopp et al., 2000), while branchless and
breathless were identified as key players in the male-specific
differentiation of the genital imaginal disc by screening a
collection of enhancer traps (Ahmad and Baker, 2002). Male-
specific odorant binding proteins expressed in leg chemosen-
sory organs were discovered by subtractive hybridization of
adult T1 leg samples (Xu et al., 2002), and a candidate male-
specific pheromone receptor was found by analyzing the
expression of a reporter gene driven by its upstream regulatory
region (Bray and Amrein, 2003). The common thread running
through these successful studies is that the genes involved in
sexual differentiation are expressed in patterns that are tissue
specific, as well as sex specific. This pattern is only to be
expected, of course, since the molecular, morphological, and
physiological nature of sexual dimorphism is entirely different
in different tissues and organs.
In addition to tissue-specificity, sexually dimorphic gene
expression is also expected to be stage specific. Comparisons
of adult tissues will most likely identify genes required for sex-
specific physiological and neurophysiological functions
(Arbeitman et al., 2004; Parisi et al., 2004; Xu et al., 2002).
On the other hand, genes involved in the development of
sexually dimorphic morphological structures should be
expressed during late larval and early pupal stages (Ahmad
and Baker, 2002; Belote and Baker, 1982; Kopp et al., 2000).
Moreover, since different morphological structures are deter-
mined, and undergo morphogenetic movements, at different
times, genes required for sexual differentiation might only be
expressed in sex-specific patterns during a fairly short time
window. Thus, the question ‘‘How many genes are differen-
tially expressed between males and females?’’ has little
meaning from the point of view of a developmental biologist
unless we also ask ‘‘in what tissue?’’ and ‘‘at what time?’’.
Some of the genes involved in sexual differentiation are
only expressed in a very small number of cells (Bray and
Amrein, 2003; Xu et al., 2002). Other genes are expressed in
patterns that are sexually dimorphic in some tissues, but
monomorphic in others (Ahmad and Baker, 2002; Godt et al.,
1993; Kopp et al., 2000; Sahut-Barnola et al., 1995). It is very
unlikely that such genes would be identified by comparing
whole-body RNA samples. We therefore decided to take a
more targeted approach. We compared gene expression
between males and females in a single tissue and at a precisely
determined stage of development. We found that sexual
dimorphism in adult morphology correlates with sexually
dimorphic gene expression at the early pupal stage. In the T1
legs, which have sexually dimorphic chaetotaxy, over 100
genes are expressed at different levels in males and females,
whereas in the T2 legs, which are sexually monomorphic at the
gross morphological level, not a single gene was found to be
differentially expressed at the same significance threshold
(Table 1).
The overall proportion of genes that show sexually
differentiated expression in T1 legs (¨1% of the genome) is
comparable to the numbers observed in comparisons of whole-body samples of adult somatic tissues (¨1.5–3%) (Arbeitman
et al., 2004; Parisi et al., 2004). However, most sex-specific
differences are very subtle and would be unlikely to be
observed in whole-body RNA samples. Indeed, our list of
candidate sex-specific genes is completely different from the
sets of genes that showed major differences in expression
between adult males and females (Arbeitman et al., 2004;
Parisi et al., 2004), although this difference is hard to interpret
since different groups used different microarray platforms.
Moreover, much of the sexual dimorphism appears to be
genotype specific. In particular, the two genes (Scp2 and
CG30277) that showed the greatest sexual differences in one
genotype were not expressed in a sex-specific manner in
another genotype. Different strains of Drosophila are known to
have different gene expression profiles, with up to 50% of the
genes expressed at significantly different levels in different
strains (Gibson et al., 2004; Meiklejohn et al., 2003; Wayne et
al., 2004). Significant genotype  sex interactions may also be
common (Jin et al., 2001). The functional importance of this
variation and the degree to which it is influenced by specific
choices of tissue and developmental stage are not clear.
Understanding these questions will require a combination of
expression profiling with genetic and functional approaches
(Coffman et al., 2005; Gibson, 2002; Mackay et al., 2005;
Wayne and McIntyre, 2002).
Our results were also undoubtedly affected by our choice of
developmental stage. We analyzed gene expression approxi-
mately 1 h before sex comb rotation is initiated. This has
allowed us to identify a candidate gene that might be involved
in specifying the sex comb fate. However, the structural genes
required for the cell rearrangements that accompany sex comb
rotation may not yet be expressed at sufficiently high levels at
this stage, leading them to be missed in our analysis. Such
genes might be more readily identified at 20–22 h AP, when
the sex comb is actively migrating (Held et al., 2004).
Similarly, the genes involved in specifying the peculiar shape
of sex comb teeth should be expressed after 26–30 h AP,
when the leg bristle shafts begin to be extruded (Graves and
Schubiger, 1981), while the genes required for the melaniza-
tion of sex comb teeth should be differentially expressed
during the last day of pupal development, when the synthesis
of cuticular pigments takes place. Finally, we note that no
chemoreceptor-specific genes have been found in our experi-
ments, despite clear sexual dimorphism in the number, spatial
distribution, and physiological properties of chemoreceptory
organs on the T1 legs (Bray and Amrein, 2003; Hannah-
Alavah, 1958; Meunier et al., 2000; Thorne et al., 2004; Xu et
al., 2002). The most likely explanation is that chemoreceptors
develop later than mechanosensory bristles, and the genes
required for their sex-specific differentiation are not expressed
at 16 h AP. In the future, it would be informative to observe
the time course of gene expression in isolated sexually
dimorphic tissues, as has been done for whole-body expression
profiles (Arbeitman et al., 2002).
The number of segment-specific genes in the pupal legs
appears to be an order of magnitude smaller than the number of
sex-specific genes. As in the case of sexual dimorphism, the
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and stage specific. The first and second thoracic segments
show dramatic morphological differences in all Dipterans.
Most obviously, T2 has a large dorsal cuticular plate
(mesonotum), while the corresponding part of T1 (pronotum)
is so small as to be almost invisible in adult flies (McAlpine,
1981). To explain this difference, it is inevitable that Scr must
control the expression of genes involved in cell growth and/or
proliferation in the body wall portion of the T1 (foreleg and
dorsal prothoracic) imaginal discs. Similarly, Scr is required for
the development of the larval salivary gland and, together with
proboscipedia, of the proboscis. In these tissues, Scr must
regulate a yet another set of target genes (Haberman et al.,
2003; Henderson and Andrew, 2000; Henderson et al., 1999;
Percival-Smith and Hayden, 1998; Percival-Smith et al., 1997).
Gene expression in T1 and T2 segments has been previously
compared by Klebes et al. (2002). These authors analyzed gene
expression in the imaginal discs of late 3rd instar larvae and
found a total of 17 genes that differed between T1 and T2 discs.
Direct comparison of our results with those of Klebes et al. is
impossible, since the two groups have used different micro-
array platforms (oligonucleotide vs. cDNA) and radically
different statistical approaches. While it is interesting to
observe that the two sets of differentially expressed genes
show no overlap whatsoever, it is hard to say how much of this
discrepancy is due to the difference in developmental stages,
and how much to technical factors.
Possible sources of systematic quantitative biases
In comparing gene expression between different tissues, it is
important to consider potential sources of quantitative biases
that might lead to experimental artifacts. The technical biases
and limitations of microarray experiments have been discussed
from different points of view (Benito et al., 2004; Jordan, 2004;
Puskas et al., 2002). In order to avoid many of the common
pitfalls, we used an experimental design that was based on fullyFig. 6. Evolutionary origin of CG13857. A minimum evolution tree showing the re
Numbers at selected nodes indicate bootstrap support for those nodes, in percent. CG
branches leading to the Dipteran CG13857 genes.independent biological replicates, as well as rigorous statistical
analysis. Despite this, two fundamental biological phenomena
may influence our results and other similar studies.
The first potential problem concerns organ allometry. For a
tissue that consists of several distinct components (such as leg
segments), the overall transcript abundance of any given gene
is a function of two variables: the expression level of that
gene in each individual tissue component, and the size of
each component relative to the tissue as a whole. We are
interested, of course, in estimating the first of these variables.
However, if two tissue samples have different internal
proportions, these differences may confound our results.
Imagine, for example, a gene that is expressed at a higher
level in the tibia than in the tarsus in both T1 and T2 legs. If
the tibia constitutes a larger fraction of the overall tissue
sample for T2 than for T1 leg, the overall transcript level of
this gene in the RNA sample isolated from T2 legs will also
be higher. This will lead us to infer that this gene is expressed
at a higher level in T2 than in T1, whereas the real difference
is between domain along the PD axis of the leg, rather than
between T1 and T2 legs as such. The second leg in
Drosophila is considerably longer than the first. This
difference is already pronounced at the early pupal stage
when leg dissections were performed and may have influ-
enced some of our results. In particular, allometric variation
may explain our surprising finding that the expression of nord
differs between T1 and T2 legs, but is not affected by Scr.
Since ectopic Scr expression results in an almost complete
deletion of tarsal segments in both first and second legs, any
allometric differences would be eliminated while the expres-
sion level in the tibia and t5 is unchanged.
The second caveat concerns developmental timing. As
pupal development takes about 8 h longer in males than in
females, males and females of the same chronological age may
not be at exactly the same stage of development. Specifically,
developmental processes may be slightly delayed in males
relative to females. If gene expression undergoes rapidlationship between insect CG13857 homologues and the eukaryotic primases.
13857 homologs form a monophyletic clade restricted to insects. Note the long
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dissected, such genes may be mistakenly inferred to differ
between males and females when in fact no true sexual
dimorphism exists. This problem also complicates quantitative
comparisons between mutant flies and wild-type controls, and
even between different wild-type strains. If development is
delayed or accelerated in mutant pupae relative to their wild-
type siblings, the effect of mutations themselves may be
obscured. In particular, differences in genetic background and
developmental timing may have confounded our analysis of
sex-specific gene regulation.
A novel segment-specific gene
We have identified only one gene, CG13857, that shows
qualitatively different expression between T1 and T2 legs.
CG13857 is expressed on the anterior–ventral surface of the
basitarsus where the transverse bristle rows and the sex comb
develop (Fig. 3). It is not expressed in any other segments or
tissues, making it the only known gene with such a restricted
expression pattern. However, the expression domain of
CG13857 in extended pupal legs at 20 h AP does not
correspond precisely either to the TBR field, or to the sex
comb. CG13857 is absent from the distal tibia, which bears 5–6
TBRs, suggesting that at least some TBRs may develop in the
absence of CG13857. At the same time, it is not restricted to
males (although males do show higher expression that females),
and neither is it restricted to the distal basitarsus. This suggests
that CG13857 may not by itself be sufficient to induce sex comb
development, and other genes (such as dsx and Scr) may be
required in parallel. Alternatively, the phenotypic effects of
CG13857 may depend on the level and timing of its expression.
In prepupal leg discs, this expression is restricted to the
proximal tarsal fold (Fig. 3A) and could conceivably include
the distal edge of the tibia, whereas in older pupae CG13857
becomes expressed more distally in the tarsus. It is possible that
early expression of CG13857 acts to induce TBR development,
whereas later expression is required to differentiate the sex
comb from the other TBRs. Similarly, a higher level of
CG13857 may be essential for sex comb development, while
a lower level is sufficient to induce TBRs. All these hypotheses
are purely speculative at this point and need to be tested by
detailed phenotypic and expression analysis.
CG13857 encodes a novel protein that has no identifiable
orthologs outside of insects. A more detailed phylogenetic
analysis suggests that CG13857 is a highly diverged paralog of
primases, DNA polymerase subunits that prime the synthesis of
Okazaki fragments (Fig. 6). Although a honeybee homolog of
CG13857 still bears recognizable similarity to primases,
protein domains that are conserved in all eukaryotic primases
are clearly absent from the Dipteran CG13857-related genes.
Thus, it appears that CG13857 defines a new, insect-specific
protein family. Given its evolutionary origin, an intriguing
possibility is that CG13857 may represent a novel type of
DNA binding proteins. However, the molecular function of
CG13857, as its role in Drosophila development, remains to be
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